Featured Application: A novel chameleon-like astronaut robot that is designed to assist, or even substitute, an astronaut in a space station to complete dangerous and prolonged work.
Introduction
With the development of space technology, a space station is a vital approach for human beings to study and research space, but its construction and maintenance require extravehicular activity (EVA) carried out by astronauts [1] . Since the space environment has the characteristics of high vacuum, large temperature differences, high radiation, and microgravity, which result in the failure of continuous working time and inefficiency, humans in space require a large and a complex life support system, an environmental control system, and life-saving system, and requires a lot of uninterrupted material supply [2] . Under such conditions, space operations of astronauts are not only dangerous but also costly. Therefore robots are used as assistants or replacements more and more frequently to reduce the risk and cost. In addition, space robots do better in load capacity, accurate positioning, adaption to environments, and durable work. Space robots can install precise devices, maintain the space station, and perform experiments in space without health concerns [3] .
So far, a few robotic arms have been applied in the International Space Station which is being assembled in low Earth orbit, for example Canadarm2 [4] and Robonaut [5] . Canadarm2 was designed by the Canadian Space Agency and it is used mainly for payload handling, EVA support, and the international dexterous, dual-armed robot which can carry out delicate maintenance and servicing tasks on the ISS. Robonaut is a humanoid robot designed by the Robotic Systems Technology Branch at NASA's Johnson Space Center. Robonaut can reduce the burden of EVA on astronauts and also serve in rapid response capacities.
Canadarm2 and Robonaut are all well designed, but they can be considered as too complicated, and are designed only for specific activities, so they cannot work in all of the places outside the space station. There are many operational tasks in space, so the robot needs the ability of moving in a wide range and the ability of precise work. Moreover, the power supply on the space station is limited, so the path planning of the space robot should be power-saving [8, 9] .
Astronauts are weightless and floating in space. Thus, there are hundreds of aluminum handrails and poles on the extravehicular surface of the space station (as shown in Figure 1 ) for astronauts to get themselves to the expected position during spacewalks and operations. Most importantly, astronauts are fixed by these handrails so that they will not float away. A chameleon is a kind of arboreal reptile with a simple physical structure, but can move stably [10] . The conditions of the extravehicular surface are kind of similar to the structure of tree crown. Thus, referring to the simple physical structure and stable motion pattern, a new pattern of a hybrid bionic robot, called the Beijing Astronaut Robot, prototype is design is developed and performance tests are presented in this paper.
The Mechanical Structure and Test System Design of the Robot

Design Indicators
It is very difficult to transport large volume or heavy weight objects from the ground to a space station. The design of the space robot needs to meet the requirements of the operations on the space station and, at the same time, the mass and the volume should be as small as possible [11] . Parameters and functional indicators of the Beijing Astronaut Robot are as follows:

The total mass of the robot is less than 30 kg;  The total degrees of freedom (DOF) of the robot is no less than 12;  The robot has at least three arms, each arm has no less than 4-DOF;  The robot arm length is not more than 700 mm.
According to the structural environment outside the space station and the characteristics of the robot itself, the robot has three kinds of motion modes: walking, rolling and sliding. The motion index in each motion mode is as follows:
Walking mode, the stride of the robot is not less than 30 cm, the robot movement speed is not less than 0.1 m/s;  Rolling mode, the robot's stride is not less than 60 cm, the robot movement speed of not less than 0.2 m/s; and A chameleon is a kind of arboreal reptile with a simple physical structure, but can move stably [10] . The conditions of the extravehicular surface are kind of similar to the structure of tree crown. Thus, referring to the simple physical structure and stable motion pattern, a new pattern of a hybrid bionic robot, called the Beijing Astronaut Robot, prototype is design is developed and performance tests are presented in this paper.
The Mechanical Structure and Test System Design of the Robot
Design Indicators
•
The total mass of the robot is less than 30 kg; • The total degrees of freedom (DOF) of the robot is no less than 12;
The robot has at least three arms, each arm has no less than 4-DOF;
The robot arm length is not more than 700 mm.
Walking mode, the stride of the robot is not less than 30 cm, the robot movement speed is not less than 0.1 m/s;
• Rolling mode, the robot's stride is not less than 60 cm, the robot movement speed of not less than 0.2 m/s; and • Sliding mode, the moving speed of the robot is not less than 0.5 m/s.
When the robot performs the motion and operation tasks outside the space station, the robot's visual measurement, end positioning and force control are supposed to have high precision. The specific indicators are as follows:
• Visual measurement accuracy not less than 1 mm in the range of 200 mm; • End effector's positioning accuracy within 2 mm; • End effector's force control accuracy within 2 N.
Structural Design and Key Technologies
The Beijing Astronaut Robot consists of three identical 4-DOF arms, three end effectors, and a torso, as shown in Figure 2 . 
The Beijing Astronaut Robot consists of three identical 4-DOF arms, three end effectors, and a torso, as shown in Figure 2 . The robot mimics the grasping of a chameleon, and its motion and operation mechanism is composed of three identical arms with end effectors, and has 15 degrees of freedom in total. Each arm consists of a wrist with three rotational degrees of freedom and an elbow with one rotational degree of freedom, a total of 3 × 4 = 12 degrees of freedom of motion. The end effectors have 3 × 1 = 3 degrees of freedom. In order to identify the environmental changes and determine its own state, the robot is equipped with a monocular vision camera, 6-dimensional force/torque and other sensors, like encoders in every joint, as shown in Figure 2 . The overall scheme of the robot is shown in Figure 3 . It is researched that the motion of the chameleon in a complex environment is very stable, this feature coincides with the robot's mobile demand [12] . Therefore, the design of our robot's bionic motion and operating mechanism draws on the characteristics of a chameleon. More specifically, the The robot mimics the grasping of a chameleon, and its motion and operation mechanism is composed of three identical arms with end effectors, and has 15 degrees of freedom in total. Each arm consists of a wrist with three rotational degrees of freedom and an elbow with one rotational degree of freedom, a total of 3 × 4 = 12 degrees of freedom of motion. The end effectors have 3 × 1 = 3 degrees of freedom. In order to identify the environmental changes and determine its own state, the robot is equipped with a monocular vision camera, 6-dimensional force/torque and other sensors, like encoders in every joint, as shown in Figure 2 . The overall scheme of the robot is shown in Figure 3 . 
The Beijing Astronaut Robot consists of three identical 4-DOF arms, three end effectors, and a torso, as shown in Figure 2 . The robot mimics the grasping of a chameleon, and its motion and operation mechanism is composed of three identical arms with end effectors, and has 15 degrees of freedom in total. Each arm consists of a wrist with three rotational degrees of freedom and an elbow with one rotational degree of freedom, a total of 3 × 4 = 12 degrees of freedom of motion. The end effectors have 3 × 1 = 3 degrees of freedom. In order to identify the environmental changes and determine its own state, the robot is equipped with a monocular vision camera, 6-dimensional force/torque and other sensors, like encoders in every joint, as shown in Figure 2 . The overall scheme of the robot is shown in Figure 3 . It is researched that the motion of the chameleon in a complex environment is very stable, this feature coincides with the robot's mobile demand [12] . Therefore, the design of our robot's bionic motion and operating mechanism draws on the characteristics of a chameleon. More specifically, the It is researched that the motion of the chameleon in a complex environment is very stable, this feature coincides with the robot's mobile demand [12] . Therefore, the design of our robot's bionic motion and operating mechanism draws on the characteristics of a chameleon. More specifically, the design of the robot arms' degrees of freedom and motion pattern draws on the skeletal structure of a chameleon [10, 13] . The bionic robot arm and the end effector of the Beijing Astronaut Robot are shown in Figure 4 . In order to make the robot end effector grasp the handrail and obtain sufficient force and torque to prevent the occurrence of sliding or rotation [1] , we designed a claw driven by a screw (as shown in Figure 5 ). The rotation of the screw driven by a motor is converted into the opening and closing of the claw [14, 15] . When the lead angle of the screw is smaller than the self-locking angle, the transmission mode has self-locking property, that is, the sliders can only be driven by the rotation of the screw, but the screw cannot be driven by stressing the sliders. Therefore, even if the motor's power is cut off, the gripper can still grasp the handrail to ensure the safe motion of the robot. 
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In order to test the motion performance of the robot, a control structure is designed, as shown in Figure 6 . The motion test of the robot is done in the simulated space station. The Beijing Astronaut Robot can accomplish rolling, walking by grasping the handrails, and sliding driven by the rocker arm shown in Figure 7 .
The 
Testing Results
The performance tests include motion performance tests of a single arm, system simulation tests, and motion performance tests of the whole robot.
Motion Performance Test of A Single Arm
The motion performance of a single arm is the basis for the robot to complete all the tasks. Thus, we test the motion performance of a single arm to get the properties of the robot, like the motion accuracy, and the loading capability. We test the motion performance of a single arm under both noload and load states by sending motion instructions and obtain the actual motion of joint from the encoder feedback.
The end effector of one arm holds the handrail while the other two are unmounted from the torso of the robot. We hope to test all joints at the same time, and all joint angles are set to the same value. Simple geometric analysis shows that when the joints of the single arm move from 0° to 30°, the arm of the robot reaches a harsh condition, which can lay a foundation for the following load test. In the actual motion of the robot, we want the robot's displacement, velocity, and acceleration to change smoothly, and we can give the first and last values of the three. Thus, in the test, every joint rotates smoothly from using a fifth-order polynomial.
The robot finishes the planned motion under the no-load condition; the process is shown in Figure 8 . The central controller is in charge of the kinematics calculation, trajectory planning and sends motion instructions to every joint trough CANopen (a higher-layer protocol for the CAN bus) [16] . The simulation and visual processing computer completes 3D motion simulations, hand-eye vision processing, and task settings of the robot. The computer can capture images by communicating with hand-eye cameras through USB 2.0, and processes the images to obtain the pose of the target. The computer sends task and vision processing information to the central controller. Meanwhile, it receives the data of joint motion from the central controller through a UDP (User Datagram Protocol) network [17] , so that the computer can preview the motion of the robot.
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System Simulation Test
Due to the large degree of freedom of the robot and the complex kinematics, the robot motion simulation system (as shown in Figure11) is developed and becomes one of the ideal platforms for studying the kinematics of the robot. At the same time, the complexity of the space station structure has high requirements on the operation of the robot, resulting in a complexity of the robot's motion planning. Fortunately, the development of the simulation system can provide an auxiliary and verification platform for the motion planning of the robot.
Before the motion performance test of the whole robot, we simulated the motion of robot with the simulation and visual processing computer. After the motion planning data has been entered into the simulation system, we can visually see the motion effect of the robot. With such a system, we can quickly check the robot's trajectory for obvious problems, ensure that the trajectory planning is correct, and then transfer it into the actual robot system, thus ensuring the safety of the robot motion. 
Motion Performance Test of the Robot
After the motion performance test of a single arm and the system simulation test, we test the motion performance of the robot with the prototype. The central controller receives the revolving command from the simulation and visual processing computer, and send motion data of every joint to the prototype, so the robot revolves according to the data. 
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After the motion performance test of a single arm and the system simulation test, we test the motion performance of the robot with the prototype. The central controller receives the revolving command from the simulation and visual processing computer, and send motion data of every joint to the prototype, so the robot revolves according to the data.
We tested three motion types in total: walking, rolling, and sliding, as shown in Figures 12-14 . Figure 12 . Walking mode. In this mode, arm 2 is initially located to the right of arm 1. During walking, arm 1 grasps the handrail, then arm 2 releases, the robot rotates 180° around arm 1. Then arm 1 reaches the left side of arm 2, and arm 2 grasps the armrest to complete one step of the robot. In the next step of walking, the robot rotates around arm 2 to complete the walking action. Arm 1 and arm 2 move alternately to achieve continuous walking of the robot. Figure 13 . Rolling mode. In this mode, arm 1 grips the handrail, arm 2 rises, the center of gravity of the robot is adjusted, and then arm 3 drops and grasps the handrail. Finally, arm 1 rises to complete a tumbling motion. The three arms alternately run to achieve continuous rolling of the robot.
In the above modes, the joint most likely to get a large motion error is the joint 3 of arm 1 with the largest load in the rolling mode. The planned motion curve and the actual value read by the encoder are shown in Figure 15 . The results show that the robot joint motion is stable, and its maximum error is 0.04°, which is consistent with the one-arm test results. The actual motion of the robot has indirectly demonstrated the accuracy of the joint motion, so it is unnecessary for the motion data for every joint to be listed. Walking mode. In this mode, arm 2 is initially located to the right of arm 1. During walking, arm 1 grasps the handrail, then arm 2 releases, the robot rotates 180° around arm 1. Then arm 1 reaches the left side of arm 2, and arm 2 grasps the armrest to complete one step of the robot. In the next step of walking, the robot rotates around arm 2 to complete the walking action. Arm 1 and arm 2 move alternately to achieve continuous walking of the robot. Figure 13 . Rolling mode. In this mode, arm 1 grips the handrail, arm 2 rises, the center of gravity of the robot is adjusted, and then arm 3 drops and grasps the handrail. Finally, arm 1 rises to complete a tumbling motion. The three arms alternately run to achieve continuous rolling of the robot.
In the above modes, the joint most likely to get a large motion error is the joint 3 of arm 1 with the largest load in the rolling mode. The planned motion curve and the actual value read by the encoder are shown in Figure 15 . The results show that the robot joint motion is stable, and its maximum error is 0.04°, which is consistent with the one-arm test results. The actual motion of the robot has indirectly demonstrated the accuracy of the joint motion, so it is unnecessary for the motion data for every joint to be listed. In order to allow the robot to reach a specific working position outside the space station with the aid of a large space robot arm, an electric slide rail is arranged on the robot arm. The robot grasps the handrail on the slider driven by the electric slide rail to realize the sliding motion. In the test, a 2-DOF (yaw and telescopic) rocker arm is used to simulate the large space robot arm. The motion of the sliding mode is shown in Figure 14 .
Discussion and Conclusions
Based on analysis of the features of the extravehicular environments, this paper learns from the mechanism of a chameleon, and creatively proposes a kind of astronaut robot that can help astronauts perform dangerous and prolonged work. The robot has three modular arms, each arm has four rotary joints, an end effector and a monocular vision system. The total mass of the robot is 30 kg, and each arm length is 700 mm, which meet the design requirements. The end effectors are designed with a self-locking ability to grasp the handrail firmly so the robot can move freely outside the space station via handrails. Numerous experiments, such as a single-arm test, simulation tests, and integrated ground verification, show that the astronaut robot has excellent motion performance. In the future, we will study how to save the power of our robot by drawing on the design of microrobots, so that it consumes less power from the space station power source In the above modes, the joint most likely to get a large motion error is the joint 3 of arm 1 with the largest load in the rolling mode. The planned motion curve and the actual value read by the encoder are shown in Figure 15 . The results show that the robot joint motion is stable, and its maximum error is 0.04 • , which is consistent with the one-arm test results. The actual motion of the robot has indirectly demonstrated the accuracy of the joint motion, so it is unnecessary for the motion data for every joint to be listed. In order to allow the robot to reach a specific working position outside the space station with the aid of a large space robot arm, an electric slide rail is arranged on the robot arm. The robot grasps the handrail on the slider driven by the electric slide rail to realize the sliding motion. In the test, a 2-DOF (yaw and telescopic) rocker arm is used to simulate the large space robot arm. The motion of the sliding mode is shown in Figure 14 .
Based on analysis of the features of the extravehicular environments, this paper learns from the mechanism of a chameleon, and creatively proposes a kind of astronaut robot that can help astronauts perform dangerous and prolonged work. The robot has three modular arms, each arm has four rotary joints, an end effector and a monocular vision system. The total mass of the robot is 30 kg, and each arm length is 700 mm, which meet the design requirements. The end effectors are designed with a self-locking ability to grasp the handrail firmly so the robot can move freely outside the space station via handrails. Numerous experiments, such as a single-arm test, simulation tests, and integrated ground verification, show that the astronaut robot has excellent motion performance. In the future, we will study how to save the power of our robot by drawing on the design of microrobots, so that it consumes less power from the space station power source [ In order to allow the robot to reach a specific working position outside the space station with the aid of a large space robot arm, an electric slide rail is arranged on the robot arm. The robot grasps the handrail on the slider driven by the electric slide rail to realize the sliding motion. In the test, a 2-DOF (yaw and telescopic) rocker arm is used to simulate the large space robot arm. The motion of the sliding mode is shown in Figure 14. ground verification, show that the astronaut robot has excellent motion performance. In the future, we will study how to save the power of our robot by drawing on the design of microrobots, so that it consumes less power from the space station power source [18] . 
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